A novel fiber optic curvature sensor based on a core-offset single-mode fiber (SMF) and on a fiber Bragg grating (FBG) is presented. The FBG cladding modes are efficiently excited by the large core misalignment. The curvature of the beam can be obtained by the reflected power of the core mode and the recoupled cladding mode.
INTRODUCTION
Fiber Bragg grating (FBG) sensors have generated great interest in recent years because of their many industrial and structural health monitoring applications. Based on diffraction mechanism, the fiber grating can be used as fiber mirror or filter for fiber optic sensing or communications. FBG sensors have been widely used for strain and temperature measurement [1] .
Several configurations have been proposed for measurement of curvature using FBGs. An etched chirp FBG was used by Yu et al [1] . The bent radius was measured by the reflected power of the grating. This technique is simple but needs a power reference, and is also known that the etching induces fragility in the structure. Other works were reported using a tilt FBG (TFBG). The transmitted spectrum of a TFBG is composed of several discrete modes which corresponds to two different mechanisms, the modes at the longest wavelength come from the self coupling of the core mode while the others are due to the backward coupling with the cladding modes. The high effective index cladding modes are sensitive to curvature and their amplitudes decrease as a function of bent radius. Caucheteur et al [3] presented a TFBG for simultaneous measurement of bending and temperature. The curvature was measured though the amplitude of the curvature sensitive cladding modes and the temperature from Bragg resonance. This configuration uses spectral interrogation and typically the cladding modes of TFBG require transmission readout. Coupling light from core mode to the cladding mode in the FBG forward direction enables the reflection readout operation mode. Recently some authors explored this possibility. Using a short MM fiber section, Jin et al [4] showed a reflection operation of a TFBG configuration for curvature sensing. Based on the same principle and on the curvature sensitivity of the TFBG a core offset section was explored by Guo et al [5] and Huang et al [6] for vibration sensing. Recently an LPG/TFBG hybrid sensing head was also studied by Shao et al [7] . In this case, due to LPG sensitivity to bending, both reflected peaks are affected by the measurand, and the difference of the power was used to obtain the curvature. These configurations use TFBGs, which cladding modes are spectrally not so clear and almost all of them use spectral interrogation.
In this paper we present a high reflectivity FBG with a core-offset-splice in a single mode optical fiber. This technique enables the possibility to readout in reflection the cladding mode and the core mode. Is well known that the core mode is not sensitive to bending, while the optical power of the cladding mode is affected. The analysis of both modes allows a self-referenced measurement of curvature. Since the measurement is independent of the wavelength of the peaks a filter and two photodetectors were used for signal detection.
CHARACTERIZATION OF THE SENSING HEAD
The sensitive system is formed by a high-reflectivity FBG (R ≈ 98%, 6 mm in length). The grating has been written in a hydrogen loaded SMF-28 fiber by UV beam scanning phase mask technique. The fiber segment containing the grating was cleaved approximately 5 mm distance from the FBG. Another long piece of fiber previously connected to an optical circulator was cleaved. Both cleaved fibers were placed in to a splice machine. To monitor the spectra behavior and optimize the cladding modes the splice was real time monitored in reflection using an Advastest Q8384 Optical Spectrum Analyzer. In order to obtain a dominant cladding mode a lateral core-off-set was induced. In the distal end of the sensing head, an index matching gel was used to avoid undesirable reflections. Figure 1 shows the proposed configuration and two different types of mode recoupling mechanism. The first one (Figure 1 .A) the guided light is coupled to the backward cladding mode by the FBG and is recoupled to the guided mode by the core-lateral-offset section. The second one (Figure 1 .B) the guided light coupled from core to the cladding modes by the misaligned section is recoupled to the backward guided mode by the FBG [8] . Figure 2 shows the sensing head with the misaligned splice, where the lateral-core-offset was approximately 9μm. Figure  3 illustrates the reflection spectrum of the sensing head. It is visible the FBG core reflected mode which is centered in 1552 nm and the dominant cladding mode which wavelength center is ~1548nm. This special reflection spectrum results from the cladding-mode-assisted recoupling by the FBG and the core misaligned section. For characterization of the sensing head the experimental setup showed in the figure 4 was used. An erbium-doped fiber source illuminated the sensor through an optical circulator which enabled the Fiber Bragg reflected signal to be readout in reflection. Using a Dense Wave-Division-Multiplexer (DWDM) to separate the core reflection from the cladding reflection enabled the optical power to be readout by two photodetectors. The two ends of the fiber containing the sensing probe were fixed on two blocks, being one mounted on a translation stage in order to curve the fiber. The sensing head was placed in the middle of the two blocks, and the resulting curvature R is simply given by the following expression [3] , R=2h/h 2 +(d/2) 2 where d is the distance between the two blocks and h is the bending displacement. The effect of bending on the reflected spectrum of the sensor can be observed on figure 5.
The measurements were obtained by optical power difference between the cladding and core mode. The curve as function of the curvature radius is showed in figure 6 , where a polynomial behavior was observed. Figure 7 illustrates the curve as function of the curvature. The temperature changes did not affect the reflected optical power, which means that through this technique is possible to obtain curvature measurement independent of the temperature [3] . 
CONCLUSION
In this work a compact and simple curvature sensor system is described. The sensor is based on a simple fiber Bragg grating spliced to a core-offset fiber. This configuration permits to read the cladding mode of the Bragg grating reflected spectrum. The results show that the optical power of the cladding mode is sensitive to fiber curvature, while the core mode is not sensitive. Through the difference of both reflected optical powers, it is possible to obtain an auto-referenced measurement of curvature. This technique is not wavelength dependent avoiding expensive interrogation systems. Moreover, the temperature did not affect the optical power reflected by the sensing head, thus the bending measurement is independent of the temperature.
